We present a detailed analysis of HARPS-N radial velocity observations of K2-100, a young and active star in the Praesepe cluster, which hosts a transiting planet with a period of 1.7 days. We model the activity-induced radial velocity variations of the host star with a multi-dimensional Gaussian Process framework and detect a planetary signal of 10.6 ± 3.0 m s −1 which matches the transit ephemeris, and translates to a planet mass of 21.8 ± 6.2 M ⊕ . We perform a suite of validation tests to confirm that our detected signal is genuine. This is the first mass measurement for a transiting planet in a young open cluster. The relatively low density of the planet, 2.04 +0.66 −0.61 g cm −3 , implies that K2-100b retains a significant volatile envelope. We estimate that the planet is losing its atmosphere at a rate of 10 11 − 10 12 g s −1 due to the high level of radiation it receives from its host star.
INTRODUCTION
Theoretical evolution models predict that the most significant changes in the bulk and orbital parameters of exoplanets occur in the first few hundred Myr of their evolution (e.g., Adams & Laughlin 2006; Kubyshkina et al. 2018a; Raymond et al. 2009 ). Planets orbiting stars in young open clusters are thus particularly valuable tests of these models. The exquisite photometry collected by the K2 space mission (Howell et al. 2014 ) and its observing strategy focused on the Ecliptic plane have enabled the detection of the first transiting planet candidates in star forming regions and young stars (e.g., David et al. 2016a David et al. ,b, 2019 Libralato et al. 2016; Mann et al. 2016a Mann et al. ,b, 2017 Mann et al. , 2018 Pepper et al. 2017; Livingston et al. 2018a Livingston et al. , 2019 , but none so far has mass measurements. Recent studies show that these young transiting exoplanets seem to be larger than their counterparts with similar periods orbiting more evolved stars (Mann et al. 2016b ). This suggests that photoevaporation by the host star plays an important role in shaping the planet atmosphere in the first few Gyr (as predicted by e.g., Owen & Wu 2013) . However, expected evaporation rates depend strongly on planet mass, so measuring masses for these young transiting planets is important to test this scenario further.
This paper presents the first firm RV confirmation of a transiting planet in a young open cluster. K2-100 (EPIC 211990866, α J2000 = 08:38:24.30, δ J2000 = +20:06:21.83) is a bright (V = 10.52 mag) G-dwarf member (Kraus & Hillenbrand 2007 ) of the Praesepe cluster (NGC 2632, M44), which has an estimated age of 700-800 Myr and distance of ∼ 180 pc (Brandt & Huang 2015; Bossini et al. 2019; Salaris et al. 2004; van Leeuwen 2009) . The transits of K2-100b, were discovered independently by Pope et al. (2016) and Mann et al. (2017, hereafter M17) in K2 campaign 5 data, though only the latter identified the host star as a Praesepe member. Analysis of the K2 light curve alongside optical and infrared spectroscopy and adaptive optics imaging enabled M17 to rule out most false positive scenarios and statistically validate the planetary nature of K2-100b, alongside 6 other Praesepe candidates orbiting fainter stars. With a period of 1.67 d and ∼ 800 ppm transits, which implies a planet radius of ∼ 3.8 R ⊕ , K2-100b is a hot Neptune, and its bright host star made it a good candidate for further characterisation.
The RV follow-up of planets in young open clusters is challenging because their host stars rotate rapidly and are magnetically active. This gives rise to quasi-periodic variations in the apparent stellar RV, which can be very difficult to disentangle from the planetary signal(s). Gaussian Process Regression (GPR) can be used to model activity signals in RV data (see e.g. Haywood et al. 2014; Grunblatt et al. 2015) . This approach is even more powerful when complementary activity indicators extracted from the spectra are modelled alongside the RVs, as in the framework developed by Rajpaul et al. (2015, hereafter R15) . In this paper, we used the framework of R15 to analyse RV observations of K2-100 and detect the reflex motion of the star induced by the transiting planet at the > 3 σ level, despite the fact that the latter is of considerably lower amplitude than the activity-induced variations.
OBSERVATIONS

Photometry
K2 observed K2-100 as part of its Campaign 5 (C5, 2015-04-27 UTC to 2015-07-10 UTC) in long-cadence mode (30 min). This star was re-observed by K2 in short cadence (1 min) mode on its Campaign 18 (C18, 2018-05-12 UTC to 2018-07-02 UTC). We downloaded the K2SFF (Vanderburg & Johnson 2014) light curve for C5 from the Mikulski Archive for Space Telescopes (https://archive.stsci.edu/k2/). We used the lightkurve package (Lightkurve ) to obtain the C18 K2 light curve. We corrected for systematics using the pixel level decorrelation (PLD) as implemented in the lightkurve package. Stefansson et al. (2018) performed a ground-based photometric follow-up of K2-100. They used the Engineered Diffuser instrument on the Astrophysical Research Council Telescope Imaging Camera (ARCTIC) imager located at the ARC 3.5 m Telescope at Apache Point Observatory. We downloaded the available public light curve from the online version of Stefansson et al. (2018) to use it in the analysis presented in Sect. 3.5.
We observed three transits of K2-100 with the MuSCAT2 multicolour photometer (Narita et al. 2019 ) installed in the Carlos Sanchez Telescope (TCS) in the Teide observatory on the nights of 2018-12-28 UTC, 2019-01-02 UTC, and 2019-01-22 UTC. All observations covered from 2 to 3.2 hours around the expected midtransit time, and were carried simultaneously in the r , i , and z passbands with a common exposure time of 10 seconds. The photometry was done with the MuSCAT2 pipeline based on PyTransit (Parviainen 2015) and LDTk (Parviainen & Aigrain 2015) .
We searched for transit timing variations (TTVs) using PyTV (Python Tool for Transit Variations, Korth 2019, in prep.). We detected no TTVs; therefore, our results are consistent with a constant period model. This result, together with the precise ephemeris, implies that K2-100 can be efficiently scheduled for future follow-up observations.
Spectroscopy
We acquired 78 high-resolution (R≈115 000) spectra of K2-100 with the HARPS-N spectrograph mounted at the 3.58-m Telescopio Nazionale Galileo at Roque de Los Muchachos observatory (La Palma, Spain), as part of the observing programs CAT15B_35 (PI: Deeg), CAT15B_79 (PI: Palle), and ITP16_6 (PI: Malavolta). We processed the data using the dedicated HARPS-N pipeline and extracted the RVs by cross-correlating the HARPS-N spectra with a G2 numerical mask. We also extracted the Ca II activity indicator log R HK assuming a B-V = 0.583. Table A1 reports the HARPS-N RVs and their uncertainties along with the full-width at half maximum (FWHM) and the bisector inverse slope (BIS) of the crosscorrelation function (CCF), log R HK , and the signal-to-noise ratio (S/N) per pixel at 5500 Å. For the analysis presented in Sect. 3.5, we removed 5 RV data points with a relative low signal-to-noise (S/N < 12).
DATA ANALYSIS
Stellar parameters
We determined the spectroscopic parameters of K2-100 from the coadded HARPS-N spectrum using the software Spectroscopy Made Easy (SME, version 5.22; Piskunov & Valenti 2017; Valenti & Piskunov 1996 ) along with ATLAS12 model atmospheres (Kurucz 2013) and atomic/molecular parameters from the VALD database (Ryabchikova et al. 2015) . The effective temperature T eff , surface gravity log g , iron abundance [Fe/H] , and projected rotational velocity v sin i were measured following the same techniques described in, e.g., Fridlund et al. (2017) , Gandolfi et al. (2017) , and Persson et al. (2018) . The micro-(v mic ) and macro-turbulent (v mac ) velocities were fixed through the empirical calibration equations of Bruntt et al. (2010) and Doyle et al. (2014) . As a sanity check, we also carried out an independent spectroscopic analysis using the package specmatch-emp (Yee et al. 2017) . This code compares the observed spectrum with a library of ∼400 FGKM template spectra and minimises the differences between the observed and the library data. The derived spectroscopic parameters agree within 1-sigma with those found by SME.
Following the method described in Gandolfi et al. (2008) , we measured the interstellar extinction along the line of sight to the star and found that it is consistent with zero. We derived the stellar mass, radius, and age using the on-line interface PARAM-1.3 (http: //stev.oapd.inaf.it/cgi-bin/param) and PARSEC stellar tracks and isochrones (Bressan et al. 2012) , along with the visual magnitude (V=10.56; Mermilliod 1987), the GAIA parallax (π=5.2645 ± 0.0678 mas; Gaia , and our effective temperature and iron abundance measurements. The derived stellar parameters are listed in Table 1 . We note that the inferred supersolar metallicity of K2-100 ([Fe/H] = 0.22 ± 0.09) is consistent with previous values measured for Praesepe stars (Boesgaard et al. 2013; Pace et al. 2008 ).
Stellar density analysis
M17 and Livingston et al. (2018b) noticed that K2-100's stellar density coming from the light curve analysis ( assuming a circular orbit) differs from that from the spectroscopic parameters. This could be explained by a mischaracterised host star or an eccentric orbit. We discard the possibility that the star is mischaracterised given that our independent stellar parameter estimation is in agreement with the values reported by M17 and Livingston et al. (2018b) . We also discard a significantly eccentric orbit given that the circularisation time of K2-100b's orbit (≈ 20 Myr, following Jackson et al. 2008) is significantly smaller than the system age.
We found out that this discrepancy was caused by a wide posterior distribution for a/R when analysing K2 C5 data only. Figure 1 shows the posterior distribution for the scaled semi-major axis, a/R (that relates directly with stellar density, see e.g., Winn 2010), by fitting C5 K2 data only, C18 K2 data only, and also by fitting all available transits. We set uniform priors on a/R for all cases. When fitting the C5 K2 data, the MCMC converges to a solution which produces a wide posterior for a/R with median and 68% credible interval given by 7.40 +0.70
. This solution translates to a stellar density of 2.73 +0.85
. These values are similar to the values reported by M17 and Livingston et al. (2018b) . When fitting all available transits, the MCMC sampling converges to a narrower posterior distribution with a inferred value of a/R = 5.36 +0.25 −0.20 (we note that this value is still inside the posterior distribution found by fitting only C5 K2 data). This value gives a stellar density of ρ = 1.04 ± 0.15 g cm −3 which is consistent with the value derived in Sect. 3.1 (see Fig. 1 ). We note that when fitting the C18 K2 alone we also get a a/R which is consistent with the expected value of a/R from Kepler's third law and the stellar parameters derived in Sect-3.1. The new analysis including all available transits suggests that the planetary orbit is nearly circular, therefore we assume a circular orbit for K2-100b's in the rest of the manuscript. In order to speed-up convergence for the final analysis presented in Sect. 3.5, we used the derived stellar parameters and Kepler's third law to set a Gaussian prior on a/R (see Fig. 1 ).
We note that the inferred a/R has a direct effect on the ge- Posterior distribution for a/R for different analyses. The posterior distribution for a/R fitting only K2 C5 data and K2 C18 data are shown in yellow and black, respectively. Blue shows the posterior distribution for a/R fitting all available transits. We also show the prior on a/R using the derived stellar parameters in Sect. 3.1 and the planetary orbital period in red. ometry on the system. For instance, the orbital inclination, planet radius, and other derived quantities differ from those reported in M17 and Livingston et al. (2018b) .
Planet validation
K2-100b was first validated by Mann et al. (2017) , who computed a false-positive probability (FPP) of 0.36% using the vespa software package (Morton 2012) . Livingston et al. (2018b) subsequently analysed the K2 data (as processed by k2phot; Petigura et al. 2015) and obtained a slightly higher FPP of 1.2%, just above their validation threshold of 1%. This disagreement in FPP is comparatively small, and likely results from the use of different photometric pipelines, as well as stellar parameter estimates. We have used the new information contained in the short cadence K2 C18 photometry of K2-100 and our simultaneous multi-band MuSCAT2 photometry to revisit the FPP of K2-100b. The short cadence K2 data put tighter constraints on the transit shape than was possible with the long cadence data from C5, which in turn has a significant impact on the FPP. We now obtain an extremely low FPP of 10 −6 for K2-100b using vespa. We can also independently constrain the possibility of various false positive scenarios by measuring r p ≡ R p /R in different bandpasses (see e.g., Parviainen et al. 2019 ). We performed a fit to all our available flattened transits allowing for a free r p for each band with uniform priors between [0,0.05]. We got r p,K2 = 0.0286 ± 0.0003 , r p,ARCTIC = 0.0308 ± 0.0011 , r p,r = 0.0241 ± 0.0015 , r p,i = 0.0263 ± 0.0015 , r p,z = 0.0281 ± 0.0019 ; the agreement of r p in these bandpasses is inconsistent with most false positive scenarios, thus confirming the vespa result.
RV analysis using multi-dimensional GP
In this work we use the GP framework presented by R15 to model the RV data along with the log R HK and BIS. Briefly, this approach assumes that all stellar activity signals can be modelled by the same latent variable G(t) (and its derivatives) which is described by a zero-mean GP and a covariance function γ. Following R15, the RV, log R HK and BIS time-series can be modelled as
respectively. The variables V c , V r , L c , B c and B r are free parameters which relate the individual time series to an underlying Gaussian Process G(t). The GP itself is a latent (unobserved) variable, which can be loosely interpreted as representing the projected area of the visible stellar disc that is covered in spots or active regions at a given time. The GP is assumed to have zero mean and covariance matrix K, where
. Following R15, we adopt the quasiperiodic covariance function
where P GP is the period of the activity signal, λ p the inverse of the harmonic complexity, and λ e is the long term evolution timescale. This choice of covariance function is widely used to model stellar activity signals in both photometry and RVs (see e.g. Aigrain et al. 2012; Haywood et al. 2014 and R15) . The full expressions for the covariance between the three types of observations are given in R15.
RV and transit modelling
We used the open source code pyaneti (Barragán et al. 2019) to model the light curve and RV data. We modified pyaneti's public version to allow for multi-band transit and GP analyses. We also implemented the multi-dimensional GP approach described in Sect. 3.4 and R15. We used exotrending (Barragán & Gandolfi 2017) to isolate each transit and to remove long term trends in the light curves as described in Barragán et al. (2018a,b) . We re-sampled the model over ten steps to account for the long-cadence (30min, C5) K2 data (Kipping 2010 ). We did not re-sample the model for K2 and groundbased short-cadence data. We assumed that the difference of transit depth between different bands is negligible; therefore, we fit for a single radius ratio R p /R for all the bands. We fitted for the limb darkening parameters for each band using uniform priors and the parametrisation described by Kipping (2013) . We have assumed a circular orbit (See Sect. 3.2).
We performed a joint fit of all transits together with the RV, log R HK , and BIS time-series using the approach presented in Sect. 3.4. A summary of the fitted parameters and priors are presented in Table 2 . We used 500 chains to sample the parameter space (38 free parameters). For the burning-in phase we used the last 5000 of converged chains with a thin factor of 10, leading to a final number of 250,000 independent points for each fitted parameter. Figure 2 shows the RV, log R HK and BIS time-series together with the inferred models. We also show the phase-folded RV and transit models, along with the data points in Figures 3  and 4 , respectively. We inferred a planetary induced RV semiamplitude of 10.6±3.0 m s −1 , which translates into a planet mass of 21.8 ± 6.2 M ⊕ . Other parameter estimates are presented in Table 2 .
RESULTS AND DISCUSSION
We note that we also analysed the RV data set with standard RV analysis techniques, such as Fourier decomposition (e.g., Barragán et al. 2018a; Pepe et al. 2013 ) and GPs trained with photometry (e.g., Barragán et al. 2018b; Malavolta et al. 2018) . We found hints of the induced Doppler signal with a significance 2-sigma. This shows that the simultaneous regression of the activity/asymmetry indicators play a fundamental role to measure the Doppler semiamplitude with higher precision.
As a first check of the validity of our detection, we compare the Bayesian Information Criteria (BIC; see e.g., Burnham & Anderson 2002) . We repeated the analysis presented in Sect. 3.5 by fitting a model with and without planet. We model only the RV-related time-series, i.e., with no transit modelling. For the fit with planet, we set priors on the ephemeris coming from the transit analysis. We conclude that the model including the planet signal is strongly preferred over the model without it with a ∆BIC = 26. Rajpaul et al. (2016) showed that spurious RV detection of planets around active stars can arise due to a combination of complex activity models and the window function of the observations. To check that this is not the case here, we created 250 synthetic RV, log R HK , and BIS time-series using the best-fit GP model, with no planet in the RV data set. We added white noise to each point from a Gaussian distribution with standard deviation as the nominal error bar of each data point. We ran an MCMC fit as the one described in Sect. 3.5 (without transit data) for each data set, allowing for an RV signal with priors on the ephemeris of the planet. These simulations give rise to a "detection" (we define a "detection" as a signal with a significance > 2-sigma) only in 0.4% of the cases. We then repeat the experiment creating 250 more mock data sets, but this time injecting a coherent signal with an amplitude of 10 m s −1 in the RV data set and same ephemeris as K2-100b. For this case we have a "detection" on 90% of the runs. These results suggest that the planetary signal we detected in the real data is genuine.
As a further test of the reliability of our detection, we also extracted the RV measurements with a K5 numerical mask, and repeated the analysis presented in Sect. 3.5. We found an amplitude of K = 12.4 ± 3.5 m s −1 which is within 1 σ of the value obtained with the RVs extracted using the fiducial G2 mask. Figure 5 shows a planet density vs insolation plot for small planets (R p < 4 R ⊕ ) with masses measured to better than 50% as listed in the TEPCAT catalogue (Southworth 2011 , http:// www.astro.keele.ac.uk/jkt/tepcat/). The plot also shows the limit of 650 F ⊕ given by Lundkvist et al. (2016) likely related to the presence/lack of a hydrogen-dominated atmosphere as a consequence of strong atmospheric escape. We find that for weakly irradiated planets (< 650 F ⊕ ), low (sub-Earth) densities are common, in contrast to highly irradiated for which most of the planets have densities equal or larger than that of the Earth, with only two exceptions: NGTS-4b (West et al. 2019 ) and K2-100b. We discuss in more detail these two planets below. Figure 6 shows the position of K2-100b in a mass-radius diagram together with two-layer composition models by Zeng et al. (2016) . With a mass of 21.8±6.2 M ⊕ , a radius of 3.88±0.16 R ⊕ , and a density of 2.04 +0.66 −0.61 g cm −3 , we expect that K2-100b is a planet 
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Note - with a solid core with a significant volatile envelope. Figure 6 also shows all highly irradiated small planets from Figure 5 . We find that all relatively low mass ( 10M ⊕ ) planets have densities higher than that of the Earth and they are consistent with a composition made of different mixtures of iron and silicates. This can be explained by the fact that close-in, low-mass planets beyond this insolation limit are expected to lose their primordial H/He atmospheres (e.g., Lundkvist et al. 2016 ). For planets with higher masses (> 10M ⊕ ), instead, bulk densities are typically lower than that of the Earth and compositions range from mixes of silicates and water to solid cores with volatile envelopes. In fact, West et al. (2019) argue that NGTS-4b's relative low density may be caused by a relatively high core mass, which enables the planet to retain a significant volatile envelope.
Given the system's youth and short orbital separation, we K2-100b
NGTS-4b
Figure 5. Planet density vs insolation for small (R p < 4 R ⊕ ) transiting planets (grey circles). The location of K2-100b is marked with a black square. We also label NGTS-4b. Horizontal red line shows the insolation limit of 650F ⊕ given by Lundkvist et al. (2016) . Vertical blue line corresponds to Earth's density.
K2-100b
NGTS-4b model the past and future planetary atmospheric evolution, in particular to estimate if (and when) the planet will lose its envelope. To this end, we employed the planetary atmospheric evolution scheme described by Kubyshkina et al. (2018b, 2019, hereafter K18b and K19, respectively) . This is based on a combination of model grids and analytical approximations. They comprise models providing atmospheric mass-loss rates as a function of system parameters (K18b), models enabling to estimate the atmospheric mass fraction as a function of planetary parameters (i.e., radius, mass, equilibrium temperature; Johnstone et al. 2015) , and the Mesa/MIST grid of stellar evolutionary tracks to account for the evolution of the stellar bolometric luminosity (Choi et al. 2016) . We model the past and future evolution of the stellar rotation period using a prescription similar to the empirical period-colour-age relation of Mamajek & Hillenbrand (2008) , modified to match the present-day rotation period, but with a free parameter x allowing us to vary the spin-down rate prior to 2 Gyr (see K19, for details). The instantaneous highenergy X-ray+EUV (XUV) emission of the host star is estimated from the rotation period following Wright et al. (2011) , allowing us to explore a wide range of scenarios for the integrated XUV budget of the planet over its lifetime.
As described in K19, we apply a Monte Carlo approach to fit the observed planetary radius, using the other system parameters and their uncertainties as inputs, finally obtaining probability distribution functions for x and the initial atmospheric mass fraction (i.e., ratio between atmospheric mass and planetary mass at an age of 5 Myr; f at,0 ) as output. Altogether, the input parameters of the Monte Carlo simulation are planetary mass, orbital separation, age of the system, stellar mass, and present-day rotation period 1 . We then use the results to evolve the planetary atmosphere beyond its current age and up to 5 Gyr, computing the planetary radius and f at as a function of age and for three different ranges of x corresponding to rotation rates at an age of 150 Myr of less than 0.5 days, between 0.5 and 3 days, and more than 3 days. At an age of 150 Myr, these rotation rates translate to XUV fluxes in the range 376-600, 117-376, and 13-117 times larger than the current solar XUV emission, respectively. Throughout, we assume a core density equal to Earth's bulk density, which sets the core radius. Figure 6 shows the current position of the planet in the massradius diagram and those predicted to be possible at 2 and 5 Gyr, for the three different ranges of x we considered. Our results indicate that after 5 Gyrs the planet is likely to lose a significant amount of its primordial hydrogen-dominated atmosphere, finally retaining between about 0.1 and 0.7% of its mass in the atmosphere, depending on the evolutionary path of the stellar XUV emission and on planetary mass. In particular, for a planetary mass below about 20 M ⊕ it is unlikely that the planet will retain more than 0.1% of its mass in the atmosphere and therefore its predicted radius at 5 Gyr is close to the assumed core radius. In some cases, when considering planetary masses below ∼18 M ⊕ , we reach the (almost) complete escape of the primary atmosphere before 2 Gyr.
In case the actual planetary mass is above about 20 M ⊕ , the planet could still keep up to 0.7% of its mass in the atmosphere, as shown in Fig. 6 . This plot shows that if K2-100 evolves as described by our fast rotator model, K2-100b should have a relatively high core mass, which is able to retain a significant volatile envelope. This could be similar to the case of NGTS-4b. On the other extreme, if K2-100 evolves as a slow rotator, which is possible if the planet has a mass closer to the lower mass limit given by the RV measurements, K2-100b would end up as a core with an Earth-like density, similar to the other highly irradiated planets.
As shown by K19, and illustrated on Figure 6 , for a given stellar evolution scenario, the observed present-day radius of the planet can only be matched for a certain range of masses, which is within the mass range allowed (at the 1-sigma level) by our RV results. We were unable to fit the observed present-day radius with any atmospheric evolution scenario for planet masses below ∼15 M ⊕ : at such low planetary masses, the atmosphere essentially escapes entirely before the age of Praesepe, even if we assume that the initial stellar XUV flux was rather low. Figure 6 also presents the posterior distributions we obtained for the initial planetary atmospheric mass fraction f at,0 for the three different ranges of x we considered. Larger XUV fluxes imply that more atmosphere has already escaped, so that the initial atmospheric mass fraction must have been larger (though the range of allowed values is also larger). Our results indicate that the planet may be subject to substantial atmospheric escape throughout most of its lifetime with the strongest escape happening during the first few hundred Myrs. In particular, for masses larger than about 20 M ⊕ atmospheric escape remains significant for Gyrs, implying that the planetary radius will keep decreasing, hence evolving, also after the first few hundred Myrs during which the planetary radius can decrease dramatically.
In all of the models that fit the available data, the planet is currently hosting an escaping atmosphere: using the code described by K18b, we computed a series of hydrodynamic models of the planetary upper atmosphere for the range of planet parameters spanned by the evolution models that fit the observational constraints. These yield present-day atmospheric mass-loss rates in the range 10 11 -10 12 g s −1 .
CONCLUSIONS
We showed how, by combining RV with activity indicators, we can disentangle planetary and activity RV variations for young active stars. These results encourage the RV follow-up of young or active stars to be discovered with missions such as TESS and PLATO.
We measured a mass of 21.8 ± 6.2 M ⊕ for K2-100b, a 3.88 ± 0.16 R ⊕ planet transiting a star in the Praesepe cluster. We estimated that the relative high irradiation received by the planet implies that its atmosphere is currently evaporating. This makes K2-100 an excellent laboratory to test photo-evaporation models. RV confirmation of K2-100b 11 
